One sentence summary: Environmental CO2 gradients provide electrochemical signals to baker's yeast, influence the cells' energy management for pH regulation and recondition the metabolic state of the cells.
INTRODUCTION
The yeast Saccharomyces cerevisiae is well accepted and commonly used for the production of feed and food additives, commodities, fine chemicals, proteins, etc. (Garzia-Gonzalez et al. 2007) . To fulfill economic constraints, the yeast is often cultivated in large-scale bioreactors with a reaction volume of several hundred cubic meters. Owing to technical and economical guidelines, power input and aeration may be limited in order to form gradients of substrates, pH and/or dissolved gasses (such as CO 2 ) (Takors 2012) . Producer cells that are circulating in large bioreactors are exposed to steadily changing microenvironmental conditions. Therefore, a question arises as to what extent cellular performance may be affected under these different conditions.
This study is focused on the short-and long-term consequences of exposure to high levels of CO 2 on S. cerevisiae response. CO 2 , the main by-product of aerobic yeast metabolism, is readily soluble in water and easily enters cells by diffusion due to its hydrophobic characteristic (Blombach and Takors 2015) . In hydrophilic environments, such as fermentation medium or intracellular cytosol, CO 2 forms carbonic acid, which is balanced with bicarbonate and carbonate. Bicarbonate serves as the substrate of most biotin-dependent carboxylases (EC 6.4.1), thus linking CO 2 /HCO 3 − levels with anabolic activity (Roggenkamp, Numa and Schweizer 1980; Jitrapakdee et al. 2007 ). There are many more examples wherein CO 2 affects cellular performance such as changes in membrane fluidity, co-alteration of permeability to other substances (Gutknecht, Bisson and Tosteson 1977; Jones and Greenfield 1982; Isenschmid, Marison and von Stockar 1995) and growth inhibition. As a result, over the last two decades, high-pressure carbon dioxide treatment has been proposed as an alternative technique for cold pasteurization of foods (Garzia-Gonzalez et al. 2007 ).
Under typically large-scale production conditions, the presence of CO 2 and HCO 3 − may hamper biochemical activities (Jones and Greenfield 1982) including mitochondrial energy supply (Chen and Gutmanis 1976) . Fermentative (Renger 1991; Shen et al. 2004) , oxidoreductive (Aguilera et al. 2005) and oxidative (Chen and Gutmanis 1976; Aguilera et al. 2005 ; Richard, Guillouet and Uribelarrea 2014) metabolism have been studied under various CO 2 concentrations. Recent investigations have focused on mitochondrial energy coupling between the citric acid cycle (TCA) and the electron transport chain (Aguilera et al. 2005; Zelle et al. 2010; Richard, Guillouet and Uribelarrea 2014) . Furthermore, in vitro enzyme studies revealed that rising HCO 3 − levels result in the inhibition of enzymatic activity (Jones and Greenfield 1982; Lodeyro, Calcaterra and Roveri 2001) . Experimental studies showed that CO 2 import is followed by an uptake of cations (López, Enriquez and Peña 1999; Richard, Guillouet and Uribelarrea 2014) , and mobilization of glycogen and trehalose (Richard, Guillouet and Uribelarrea 2014) . Interestingly, the cellular response to CO 2 stress somewhat resembles the characteristics of weak acids (Parrou, Teste and Francois 1997; Enjalbert et al. 2000; Ullah et al. 2013) , including an intracellular pH drop (Isenschmid, Marison and von Stockar 1995; Ullah et al. 2013) . Furthermore, long-term studies revealed that yeasts are able to adapt to moderate and high CO 2 and HCO 3 − levels (Aguilera et al. 2005; Richard, Guillouet and Uribelarrea 2014) . The current study combined these experimental findings to formulate a mechanistic and dynamic model simulating transporter activities, buffering capacities and pH changes. The main objective is to simulate system dynamics such that yeast responses to CO 2 shifts can be elucidated in detail. ATP demand for cell maintenance can then be calculated to estimate reduced performance on a large scale. Model predictions will then be compared with actual experimental findings.
METHODS

Yeast strain, pre-culture, media and reactor conditions
Saccharomyces cerevisiae was continuously cultivated in defined mineral salt medium and titrated by 2 M KOH at pH 5. The reactor contained a reaction volume V LR = 1.5 L and a gas volume V GR = 1.9 L. Aerobic conditions were always provided bẏ V 
30
• C and p R = 1.5 bar). Reaction volume V LR divides the volume of the liquid phase V L and the cellular phase V c depending on gravimetrically determined biomass concentration c X . The concentration was correlated to the hematocytometrically determined cell count n C and the cell surface area A C defined by spherical shape. See supplemental information E (Supp. E) for details.
Determination of k L a O2
Exhaust gas mole fractions of O 2 and CO 2 were experimentally determined during the continuous cultivation. Oxygen uptake rate (Q O2 ), carbon emission rate (Q CO2 ) and volumetric gas transfer coefficients (k L a O2 , k L a CO2 and k L a N2 ) were calculated (Supp. E).
Determination of inorganic carbon in suspension
The solved fraction of inorganic carbon (CO 2 , H 2 CO 3 , HCO 3 − and CO 3 −2 ) in the cultivated suspension was quantified using a TC analyzer (Multi N/C 2100s, AnalytikJena, Jena, Germany). The analyzer was calibrated with C from Na 2 CO 3 solution within a calibration range of 0-500 mg L −1 (TIC GC ) (Buchholz et al. 2014) . A 1 mL aliquot of the reactor suspension containing supernatant and cells was immediately transferred to a 10 mL graduated flask containing 100 μL 5 M KOH in deionized water. The sample dilution was aligned to the calibration range. The basicity shifts the CO 2 -CO 3 −2 equilibrium of the sample toward more stable HCO 3 − and CO 3 −2 , and prevents outgassing of CO 2 .
Quantification of intracellular adenosine phosphate levels
The adenosine phosphate content of the biomass was determined experimentally. Metabolism was stopped by cold methanolic quenching. Nucleotides were extracted using methanol/chloroform, separated with RP-HPLC and quantified via UV absorption. The cellular adenosine phosphate concentrations and the adenosine energy charge (EC) were calculated. See Supplementary E for details.
Imposing CO 2 stimulus
Chemostat cultures were stimulated during steady state by shifting normal aeration to CO 2 -enriched gas (50%). The same vvm was installed (V sampling and exhaust gas analysis. Total gas exchange was estimated to be completed τ gas = 3.8 min after shifting to CO 2 -enriched aeration.
Modeling
The model is programmed in Matlab code, version R2016b. A system of ordinary differential equations determines the dynamic behavior of 15 variables in three phases (equations 1-17). The initial values of the CO 2 simulation were based on mass balance of steady-state growth conditions. Cellular produced CO 2 diffuses into the medium (liquid phase) and further into the gas stream (gas phase). Under pulse conditions, CO 2 enters the cells from the surrounding aqueous phase which again was controlled by gaseous CO 2 . According to the reaction equilibrium between CO 2 and HCO 3 − below pH 8, the inorganic carbon composition mostly was calculated with respect to the pH, the corresponding head space gas composition and TIC GC values. The cellular proton source creates a permanent flow of charge to the surrounding aqueous phase. Four ion transporters were considered to maintain the equilibrium of protons (equations 2 and 9) and potassium (equations 1 and 8) between the cell and the liquid phase (ST, Pma1, Nha1 and Trk1,2) (Fig. 2) . The ATP-dependent proton exporter Pma1 is the key for installing pH homeostasis (Keener 2009 ). Inorganic nutrients are imported by proton symport (ST) influencing the ATP cost function of Pma1. The proton-potassium antiport Nha1 is supposed to transfer sudden cation signals to the cell (Ohgaki et al. 2005; Kinclova-Zimmermannova and Sychrova 2006) . Nha1 demands a potassium importing counterpart which is provided by the main potassium importer Trk1,2 (Haro and Rodriguez-Navarro 2002; Ruiz et al. 2004; Casado et al. 2010 and r -4 ), initial values and parameters. Model for the cell phase: ,c ] is indicated. rH,p and rCO2,p represent proton and CO2 production due to metabolic activity, which was always assumed to be constant. 
Model for the liquid phase:
Membrane potential:
Model for the gas phase:
RESULTS
Modeling gas-liquid transport dynamics
The basic aspects of the gas-liquid mass transfer model are shown in Fig. 1 . As indicated, gas and liquid concentrations are closely linked. The HCO 3 − level (equation 16) is highly dependent on the pH value. When a base (e.g. HPO 4 2− ) absorbs H + , it also shifts the H 2 CO 3 -to-HCO 3 − ratio. Therefore, the liquid's buffering capacity β HPO4 was considered. The cell phase further acts as an additional buffer via cellular activity to import and export protons, as shown in Fig. 2 .
To validate the gas-liquid mass transfer model, CO 2 and O 2 in the gas phase and pH courses of the liquid phase were simulated and compared to the actual measurements (Fig. 3) . The shift in the aeration from ambient air to synthetic gas (50% CO 2 , 21% O 2 and 29% N 2 ) was monitored, which is shown in Fig. 3 As depicted in Fig. 3 , the pH of the solutions dropped by about 0.2 units following the CO 2 shift. The simulated pH courses fairly reflect the experimental observations. In the case of the medium containing the yeast, predictions were more accurate (Fig. 3.B3 ) than for the biomass-free buffer solution (Fig. 3.A3) .
Regarding the dynamics of the gas phase, simulations tended to be slightly faster than the experimental observations. In the case of CO 2 , this could be caused by underestimated CO 2 solubility or by delays in exhaust gas measurements (such as undetected dead volumes in the gas tubing). Of note, the low pH 5 increases the ratio of CO 2 /HCO 3 − and decreases the buffer capacity (β = 0.03 mM) in the solution. Accordingly, upshifts of CO 2 in the gas phase yield a rapid increase in dissolved CO 2 levels that are accompanied by an equally fast drop in the pH.
Metabolic phenotypes following high-level CO 2 exposure in chemostat cultivations
Chemostat cultivations were performed at dilution rates of 0.05 and 0.1 h −1 using air and 50% enriched CO 2 for aeration.
Metabolic activities measured after five residual times are listed in Tables 1-4. As previously described (Aguilera et al. 2005) , the biomass substrate yield is slightly but significantly decreased under the CO 2 load. Biomass-specific glucose uptake (q Glucose ) and respiratory activity (q O2 , q CO2 ) were slightly increased under high CO 2 levels (Table 1 ). Oscillating respiration rates with a period of 70 min were observed in both the dilution rates. Under these conditions, succinate is the main by-product, whereas acetate, malate, glycerol or ethanol productions were not detected ( Table 2) . As depicted in Fig. 4 , the biomass composition indicated by the carbon-to-nitrogen ratio (Y CN ) changed significantly under (3) liquid pHL in a well-mixed bioreactor after shifting aeration from ambient air (0.5 vvm) to synthetic gas (50% CO2, 21% O2 and 29% N2). 'A' refers to studies with cell-free, phosphate buffer medium (200 mM, 30
• C, pH 5). 'B' depicts results with biosuspension using 11 gDW L −1 resting cells. Error bars indicate variation within five replicates. 
0.05 0.051 ± 0.002 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 50 0.051 ± 0.002 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.05 0.101 ± 0.002 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 50 0.101 ± 0.002 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 In addition, cellular proton production increased by 35% at a dilution rate of 0.05 h −1 compared to that during aeration with ambient air. However, no differences were observed at 0.1 h −1 for high or low CO 2 levels (Table 1) . Adenylate ECs were also monitored in these experiments. The individual study of intracellular adenosine phosphate levels ATP C : 2.9 ± 0.9, ADP C : 0.8 ± 0.2 and AMP C : 0.3 ± 0.1 (μmol gDW −1 h −1 ) did not reveal significant changes prior to or after CO 2 exposure. However, a tendency of decreasing EC values after high-level CO 2 exposure can be seen in Fig. 5 . Apparently, high CO 2 conditions interact with cellular energy management, causing reduced EC levels following the CO 2 shift.
Challenging the model using total inorganic carbon analysis
In growing yeasts, protons and CO 2 are constantly being produced and exchanged with the environment (see q H+ and q CO2 in Table 1 ). To validate our model, the simulated values for total inorganic carbon (TIC) content were compared to real were switched from ambient air to synthetic gas (50% CO2, 21% O2 and 29% N2). One boxplot indicates the distribution of six samples drawn from three process replicates with two samples, respectively.
measurements. TIC values represent the sum of CO 2,L , CO 2,c , HCO 3,L − and HCO 3,c -fractions (equation 6). As shown in Table 3 , measured TIC GC and model TIC model values had very high consistency in CO 2 -enriched conditions. According to the model calculations, the cell phase accounts for more than 30% of TIC, although it only represents 6.5%-7.5% of the reaction volume V LR .
Linking the extracellular CO 2 stimulus with intracellular potassium levels
Under a steady state, the metabolic activity of the cells (indicated by r H,p , r CO2,p and r O2,r ) is balanced by the interacting transporters ST-Pma1, Pma1-Nha1 and Nha1-Trk1,2 (see Fig. 2 ). Accordingly, transport systems connect protons with potassium exchange, and interfere with the membrane potential. At steady state, the sum of ion transport plus the efflux of H + and K + due to dilution equals zero (compared in Table 4 ). Accordingly, the rates r ST , r Pma1 , r Nha1 and r Trk1,2 (Table 4 ) could be derived from the experimental values of q CO2 , q O2 and q H+ (Table 1) , then finally calculating the CO 2 /HCO 3 − distribution as shown in Table 3 . The culture was then shifted from the steady-state to CO 2 -enriched aeration. Accordingly, ion concentrations and exchange rates changed as indicated in Tables 3 and 4 , respectively. For example, highly negative membrane potentials (∼−100 mV) and faster potassium turnover via Trk1,2 and Nha1 were simulated when the culture was shifted from ambient air to 50% CO 2 at D = 0.05 h −1 (see Table 4 , rows 1 and 2). Potassium levels rose in the cellular phase, which was reflected by a reduction in r Pma1 suggesting an equivalent increase in ATP demands. High r Pma1 refers to an increased proton uptake via r Nha1 and r ST driven by E m . Finally, the energy load normalized when the membrane potentials returned to the original negative values (Table 4 , rows 3 and 6).
Three steps to adjust pH and re-balance potassium levels
The dynamic changes in concentration, rates and the membrane potential following the shift between ambient and high CO 2 levels are summarized in Fig. 6 and in detail in Fig. 7 . The upshift of CO 2 quickly induced an increase in dissolved CO 2 levels (Fig. 7) . Notably, an equally fast rise in CO 2 level was simulated for conditions inside the cell. The extracellular pH 5 resulted in high CO 2 -to-HCO 3 − ratio. As a result, a high CO 2 gradient between extracellular and intracellular conditions was created, and the dissolved gas quickly diffused through the membrane into the cell (Jones and Greenfield 1982) . Once inside the cell, the CO 2 immediately dissociated to HCO 3 − and H + . As indicated in Fig. 7 Fig. 7.C4 ).
To summarize the cellular response to the rise in CO 2 level, three steps of system re-balancing were identified: I. The first 2 min: The rapid import of dissolved CO 2 caused an equally fast depolarization of the membrane potential E m (Fig. 7.C3 ). Due to the increasing H + levels, E m rapidly increased in the first 120 s (see equation 14), representing a rise of about 1.35 C in the total positive charge. II. Between 2 and 10 min: After 5 min, the E m returned to negative physiological levels by potassium uptake. At the same time, the pH dropped by 0.15 and the nutrient symport (r ST ) slowed down. Pma1 was activated (Fig. 7) , consequently increasing the activity to 4 mM min −1 (or 1.6 mmol gDW −1 h −1 ), calculated for reference conditions to 175% under CO 2 exposure, notably at the expense of one ATP per H + (Fig. 7.C8) . A 2.8 mmolATP gDW −1 h −1 increase in Pma1 activity was necessary to prevent a further drop in pH below 6.8, which happened about 10 min after the CO 2 shift (Fig. 7.C4 ). III. After 10 min: Trk1,2, the main potassium import system, drew K + almost equimolar to the rise of [HCO 3,C − ] level into the cell and re-balanced E m . However, novel steady states were simulated after about 60 min at a more polarized E m . The new condition increases K + uptake by Trk1,2 and its release by Nha1 permanently (Fig. 6 ).
Simulations predicted the installation of a new steady state (Table 4, to 380 mM, respectively) at pH 7 and a membrane potential of −100 mV.
DISCUSSION
Growth phenotypes following high CO 2 exposure
Yeast cultures were shifted from about 1 to 23 mM CO 2,L after aeration with 50% enriched CO 2 (Table 3 ). The experimental values in Tables 1 and 2 indicate conditions observed after five residual times of low and high CO 2 exposure. Compared to the reference with low CO 2 , the biomass yield decreased by 10.6% and 4.0% for D = 0.05 h −1 and D = 0.1 h −1 , respectively. Our studies confirmed previous observations of increased q Glucose , q succinate and q H+ that have been discussed earlier (Chen and Gutmanis 1976; Jones and Greenfield 1982; Aguilera et al. 2005; Richard, Guillouet and Uribelarrea 2014) . The elemental carbon-to-nitrogen ratio in the biomass decreased due to the degradation of glycogen and/or trehalose (Chen and Gutmanis 1976; Richard, Guillouet and Uribelarrea 2014) . Seventy minutes long oscillations of q O2 and q CO2 were observed, which can be attributed to elevated levels of intracellular CO 2 and HCO 3 − (Richard, Guillouet and Uribelarrea 2014) . This may reflect alterations in mitochondrial functions such as respiration and oxidative phosphorylation (Jones and Greenfield 1982; Aguilera et al. 2005; Richard, Guillouet and Uribelarrea 2014) . The observed respiration rates reflect increased mitochondrial respiration chain (MRC) activity. It is still unclear whether this reflects an equal increase in ATP formation as a consequence of increased maintenance demands. A prerequisite would be a constant P/O ratio, i.e. the cellular capacity to produce ATP via oxidation of NADH. Vanrolleghem et al. (1996) determined Y X,ATP ∼ 12.5 gDW mmolATP −1 and P/O ratios ∼1.1 mol ATP mol O −1 for glucose using various ethanol supplements. Richard, Guillouet and Uribelarrea (2014) assumed constant P/O ratios and concluded that the decrease in Y X,ATP reflects the increasing maintenance demands (Richard, Guillouet and Uribelarrea 2014) . However, it is known that MRC efficiency can adapt to poor oxygen availability and to increased temperatures by alternating membrane integrity and MRC protein interaction (Postmus et al. 2011) . CO 2 is known to influence membrane fluidity and MRC gene expression (Jones and Greenfield 1982; Aguilera et al. 2005) , which may then also alter the P/O ratio. Figure 4 shows that the carbon-to-nitrogen ratio in the biomass (Y CN ) was reduced after CO 2 exposure. Saccharomyces cerevisiae stores trehalose and glycogen during the G 1 phase of the cell cycle (Silljé et al. 1999) . Accordingly, intracellular levels (D = 0.05 h −1 : 11.0% ww Gly , 6.1% ww Tre ) are reduced when G 1 phase is short (D = 0.1 h −1 : 6.1% ww Gly , 2.9% ww Tre ), which coincide with increased growth rates (Silljé et al. 1999) . Interestingly, the Y CN (mol C mol N −1 ) in CO 2 -treated cells dropped quickly to 6.5 and further dropped to 6.17, which resembled conditions found at μ = 0.25 h −1 (Lange and Heijnen 2001) . Recovery to their growth rate-specific value was completed after 10 residual times (Fig. 4) . Chen and Gutmanis (1976) also reported a Y CN decrease from 5.98 to 5.41 mol C mol N −1 in fed-batch cultivations supplemented with 0%-80% CO 2,g (Chen and Gutmanis 1976) . Hence, our findings are in agreement with previous studies, although absolute levels may differ due to different strains and processing conditions. The change in Y CN may reflect fundamental variations in metabolism that also affects RNA and protein levels. Aguilera et al. (2005) measured mRNA levels after CO 2 exposure in carbon or nitrogen-limited cultures. The expression of many mitochondrial genes was elevated, some of which encode proteins involved in MRC and oxidative phosphorylation (Aguilera et al. 2005) . These combined effects were described as a metabolic uncoupling from growth (Jones and Greenfield 1982; Renger 1991) . Moreover, the shift to CO 2 exposure also induced the formation of succinate (Table 2) that could be an indication of increased TCA activity. Ethanol is thought to amplify the growth phenotype under high CO 2,L (Isenschmid, Marison and von Stockar 1995) . However, the threshold of 0.5% ww EtOH was not achieved in our studies.
Controlling intracellular pH after CO 2 exposure
Cellular pH is a highly controlled physiological parameter in yeast (Orij, Brul and Smits 2011) . Protons are produced by metabolic activity and are also co-imported via symport (e.g. ST) and antiport (e.g. Nha1) systems. Their active export by Pma1 H + -ATPase is energy dependent. As such, the scenario showed similarities to the impact of weak organic acids. By analogy, they are taken up by diffusion, dissociate inside the cell and create ATP-dependent proton export to maintain the intracellular pH (Mira et al. 2010) . In worst cases, yeast cells rest in the presence of weak acids with lowered intracellular pH until environmental conditions become more favorable (Ullah et al. 2013) . In our study, yeast cells were exposed to a CO 2 transmembrane gradient up to 22 mM, creating a massive CO 2,L import via diffusion. ATP levels remained almost constant during the first 3 h after the CO 2 upshift, anticipating a sufficient energy supply. Consequently, it was assumed that Pma1-mediated H + export was not limited by ATP. However, the adenosine EC of the cell fluctuated between 0.9 and 0.75 (Fig. 5) .
Since no bicarbonate exporter has been identified (Zhao and Reithmeier 2001) , export of HCO 3 − is unlikely. Accordingly, the weak organic acid scenario of export and re-import is not realistic. Instead, CO 2 gradients caused a steady increase in HCO 3,c − level until a new, alleviated steady state was achieved inside the cell.
In theory, carbonic anhydrase (CA) activity could influence the rate of HCO 3 − accumulation in the cells. However, its influence is likely to be only of minor importance because CA activity is already low under reference conditions, and is immediately repressed in the presence of high CO 2 levels (Amoroso et al. 2005) . Furthermore, the HCO 3,c − consumption by PYC1p and ACC1p in slowly growing cells can be easily compensated for, even by chemical hydration (see supplementary PM equations PM7-PM9). Intracellular K c + levels increased after CO 2,L import, which reflects the cells' strategy to counterbalance the H c + rise due to its export, by importing K + at the same time. As such, further membrane hyperpolarization (López, Enriquez and Peña 1999) was prevented. Recently, published experimental findings indicate that cellular potassium levels increase to compensate the negative charge of HCO 3,c − in response to CO 2,L gradients (Zelle et al. 2010) . Hence, the simulations of this study are in accordance with previous experimental observations.
Challenging modeling assumptions of ion transport
Based on the present knowledge of cellular ion transport (López, Enriquez and Peña 1999; Ariño, Ramos and Sychrová 2010; Navarrete et al. 2010; Richard, Guillouet and Uribelarrea 2014; Volkov 2015 ), a mathematical model (equations 1-17) was formulated to elucidate short-term (<5 min) and long-term (120 min) transport dynamics. Pma1, Trk1,2 and Nha1 were identified as the most important transporters for the equilibration of pH and potassium levels. Furthermore, the amount of ATP required for compensating the impact of CO 2 exposure was also derived. Pma1, the ATP-dependent H + exporter is thought to be controlled via enzymatic activity (V max ) and its ATP affinity (K m ) by post-translational modifications (Serrano 1983; Silljé et al. 1999) . High intracellular glucose levels activate the H + -ATPase (Lecchi et al. 2007) . Our studies showed a decrease in Y CN , which may indicate glucose polymer degradation as observed by Richard, Guillouet and Uribelarrea (2014) . Accordingly, intracellular glucose levels may have increased, in turn activating Pma1 (Portillo, Eraso and Serrano 1991; Eraso, Mazón and Portillo 2006) . Experimental studies have already shown that membrane-bound ATPases were amplified under alleviated HCO 3 − levels between 10 and 100 mM (Jones and Greenfield 1982) . However, while this impact was not considered in our models, it would have increased the estimated ATP needs. Recently, Volkov (2015) described that yeasts typically comprise 130 000 Pma1 pumps per cell, which export H + at a rate of 2600 000 protons per second. Using the cell number n c and the surface area A c from this study, we predicted H + pump rates of 0.9 mmol gDW −1 h −1 or 2.5 mM min −1 , which are in strong agreement with the simulated data. Export rates were achieved by the concerted action of Pma1 together with the Nha1 K + /H + antiporter and specific proton symport ST. Nha1 is essential to maintain the potassium balance under acidic growth conditions (Banuelos et al. 2002; Ariño, Ramos and Sychrová 2010) . Volkov (2015) assumes 1500 Nha1 antiporters per cell, enabling ion transport of up to 1.3 mM min −1 . Our simulated rates were slightly below these expectations. Nha1 is regulated by the Hog signaling cascade under osmotic stress (Ohgaki et al. 2005) . Likewise, models have been implemented, but they exclude the supposed impact of CO 2 (You et al. 2012; Ke, Ingram and Haynes 2013) . Nevertheless, high CO 2 levels were likely to impose ion stress at a neutral pH when interlinked HCO 3 − concentrations dominated the dissociation equilibrium. It is worth noting that an alteration in the potassium transport in response to CO 2 was measured by Richard, Guillouet and Uribelarrea (2014) , and was discussed in the context of cellular osmolarity (Richard, Guillouet and Uribelarrea 2014) . Therefore, high CO 2 levels may activate the cellular Hog signaling pathway. (Table 4 ). The majority (95.6%) was exported via the ATP-dependent r Pma1 . During the first 10 min, r Pma1 was amplified to the highest value, 175% of the reference state, which was still within its operating range (Serrano 1983; Portillo, Eraso and Serrano 1991; Eraso, Mazón and Portillo 2006; Lecchi et al. 2007 ). The accumulation of HCO 3,c − caused peak temporal costs of 1 mmolATP gDW −1 h −1 and a permanent offset of the membrane potential of E m = −37 mV. The latter is the result of 3.7 μM non-compensated negative charges (equation 14) (Fig. 6.C9 ). The additional ATP requirements of 0.62 mMATP min −1 (at D = 0.05 h −1 ) and 0.89mMATP min −1 (at D = 0.1 h −1 ) could be assigned to futile K + /H + cycling between Trk1,2 and Nha1 (58%) and direct H + import via the specific proton symporter ST (42%). These ATP demands may be reduced if K c + is partially substituted by alternative cations such as Mg 2+ , which are not members of the futile cation cycle. Alternatively, yeast may release other anions into the medium to reduce the need to compensate for these negative charges. Finally, yeast may tolerate the intracellular pH drop, which would yield reduced growth rates (Orij, Brul and Smits 2011; Ullah et al. 2013) .
ATP requirements for pH homeostasis
CONCLUSION
A mechanistic model was presented that allowed the simulation of transport activities, buffering capacities, pH and ATP dynamics after yeast cultures were shifted from ambient to high-level CO 2 exposure. The simulations were consistent with the experimental findings, and revealed a three-step response. (i) During the first 2 min, massive CO 2 import caused short-term depolarization of the transmembrane potential. The intracellular pH drops due to an insufficient buffering potential. (ii) Between 2 and 5 min, the increase in Pma1 activity prevents a further pH drop and causes hyperpolarization of the membrane potential. This is achieved after 10 min. (iii) The strongly negative potential causes massive countermeasures such as K + and H + import. A new stead -state with elevated ATP demands was installed after about 120 min. Under these conditions, the average ATP demand rose by 0.6 mmolATP gDW −1 h −1 , which corresponds to a 60% increase in the native maintenance needs.
Saccharomyces cerevisiae is often cultivated in large-scale bioreactors under aerobic conditions (You et al. 2012) . Here, CO 2 gradients are likely to occur as a result of insufficient mixing (Takors 2012) . Consequently, cells that are fluctuating within the bioreactor are constantly exposed to changing microenvironmental conditions. It has been shown that Corynebacterium glutamicum responds to CO 2 heterogeneities by initiating a strong transcriptional response (Blombach and Takors 2015) . Regarding the simulation results, and considering that typical mixing times are in the range of 1-2 min, one may conclude that S. cerevisiae may also react to frequently changing CO 2 levels via steps (i) and (ii), at least. Changes in membrane potential together with intracellular pH drops are likely to happen during large-scale cultivation. Presumably, K + import will also be triggered, but whether this is accompanied by a transcriptional response remains elusive. If cells fail to compensate properly for the CO 2 uptake, the intracellular pH will drop, which may hamper cytosolic and mitochondrial enzymatic activities (Renger 1991; Isenschmid, Marison and von Stockar 1995) , and will ultimately lead to further increase in maintenance demands.
